In order to oesion efficient cooling configurations for the endwall surfaces between the vanes in a gas turbine, a detailed description of the heat transfer from the hot gas is required. however, the convective heat flux aistribction on the enawall is highly nonuniform as the result of the complex secondary flows present. The mainstream flow is subjected to turning ar.o acceleration. as it passes Detween the vanes, prcducing pressure gradients across the flow passage. As the endwall inlet boundary layer approaches the row of vanes it is strongly influenced by these pressure uraoiznts. A horseshoe vortex results from the endwall inlet boundary layer interacting with the blunt leading edge of a vane. The boundary layer rolls up into a vortex near the stagnation point. The vortex U,en wraps around the vane leauing edge and is convected downstream. The leg of the vortex on the suc-*Aerospace engineer; member, ASMc. +Aerospace engineer. tion side of the passage stays close to the vane as it is swept downstream, but the pressure side leg is driven across the passage by the pressure difference, becoming part of the passage vortex. The passage vortex results from the boundary layer within the passage being driven across the passage by the pressure gradients and rolling up when it encounters the suction surface of the vane.
Aerodynamic invest;gations of the secondary flow patterns have been the object of flow visualization studies for some time. Using smoke, Herzig, et al (1) observed the roll-up of the endwall boundary layer into a passage vortex. They showed very clearly that the deflection of the boundary layer flow from pressure side to suction side varies strongly with distance from the enowall, with the fluid nearer the wall being affected the most. However, due to the relatively sharp leading edge on their vane, they did not observe the horseshoe vortex. Langston, et al (2) , and Langston (s) reported detailed aerodynamic measurements in a large-scale turbine rotor cascade, inclueing endwall flow visualization and smoke addition to the boundary layer. They observed the streamlines on the endwall associated with the leading edge horseshoe vortex, and noted that all of the Smoke introduces into the endwall inlet bo;,nhary layer ended up in the passage vortex. MarL.dl anu Sieverding (4) used smoke and a laser light shFc!i to visualize a cross sec'.ion normal to the flr.w near the leading edge for both a turbine rotor cascjC'c and a turbine stator cascade. with this technique, they obtained a view of the flow pattern in a plane at an instant in time, but did not show *',e spatial development of the vortex. They did note that the location of the horseshoe vortex core at the cascade exit moved from about midpassage for the stator to close to the suction surface for the rotor. Gaugler and Russell (5) presented flow visualization studies of the horseshoe vortex by photographing neutrally buoyant helium-filled soap bubbles in the vortex. This allowed the path followed by a single element of fluid to be followed as it was entrained in the vortex.
In adbition to the visualization studies of the secondary flow patterns, a number of studies have been reported where the heat transfer to a turbine endwall was investigated. Blair (6) simul ted the passage between two vanes on a large scale and found the endwall heat transfer to be strongly influenced by the existence of the passage vortex near the vane suction surface-endwall corner, particularly in the trailing edge region. He also tested passages with both rounded and sharp leading edges to isolate the effect of the leading edge horseshoe vortex on the endwall heat transfer and found significant variations near the leading edge.
Graziani et al (7) studied the endwall and blade surface heat transfer in a large scale cascade of blades and observed that passage secondary flows greatly intluenced the heat transfer. They noted that the endwall inlet boundary layer thickness also had a significant effect on the enowall heat transfer, particularly near the vane leading edge where the horseshoe vortex manifests i`self most strongly.
Georgiou et al (8) conducted endwall heat transfer tests in a facility that permitted simulation of turbine Mach number, Reynolds number, and temperature ratio. They concluded that changes in the inlet boundary layer thickness only influenced the heat transfer in the vicinity of the leading edge.
The most complete set of endwall heat transfer data currently available has been reported by Hylton et al (9) . Under joint NASA-U.S. Air Farce spansorship, measurements were made of enowall Stanton numbers over a range of conditions that included typical engine operating conditions. The results of that work have b,,en summarized 1,y York et al (10) .
In this secondar y flow visualization study, tn;. cascade used was scaled directly from that useu by Hylton et al (9) for endwall heat transfer. Reynolds number and Mach number in the flow visualization cascade matched selected run conditions in (9) . For the first time, details of the horseshoe vortex and secondary flows were directly compared with heat transfer distributions. Flows were visualized by using neutrally buoyant helium-filled soap bubbles, by using snake from oil soaked cigars, and by a new technique, developed by Langston and Boyle (11) , us*ig permanent marker pen ink dots and synthetic wintergreen oil. uirect comparisons were made between enawall contour plots of Stanton number and the paths taken by bubbles in the horsesnoe vortex. The surface flow visualization features were also compared with the heat transter data.
APPARATUS AND PRUiEUURE ascaoe
The facility used in this study was the same as that used by Gau q ler and Russell (5) with wie exception of the test vanes. For this work, the six vanes used were scaled up by a factor of 1.9 from the profile used by Hylton et al (9) for the endwall heat transfer tests. The pertinent cascade parameters were: Axial chord, 9.76 cm (3.84 in); chord/axial chord, 1.78; pitc, I axial chord, 1.29; aspect ratio (span/axial chord), 1.50; air inlet angle, U` (axial); air exit angle, 72 .
Air flow through the cascade was drawn in from an atmospheric inlet and exhausted to the laboratory central exhaust system. The wind tunnel built to hold the cascade is shown schematically inig. 1. The inlet nozzle was designed for constant acceleration of the flow through it, as oescrioea in (12) . At the end of the inlet nozzle the flow enters a duct, 68.o-cm (27-in) wide by 15.2-cm (6-in) high by 152.4-cm (60-in) long. This duct was long enough to ensure a turbulent endwall boundary layer, which was confirmed by profile measurement.
The tunnel boundary layer profile was measured at a point 21.6 cm (8.5 in) upstream of the vanes. The cascade of six vanes was located at the end of the inlet duct. The end vanes had adjustable tailboards to assure periodicity of the flow through the cascade. One of the vanes in the center of the cascade was instrumented with static pressure taps around the vane at midspan. The cascade inlet Rerolasnumber, based on true chord, ranged from U.7x1U to 3.exlU for the tests described. From the cascade, the f l ow was ducted to the laboratory central exhaust system. The vanes were fabricated from wood and painted black to provide contrast in the pictures. The rest of the cascade was built of clear acrylic plastic with the bottom endwall painted black.
Flow visualization techniques
There is a slot in the endwall located about 21 cm (8.25 in) upstream of the vane leading edges, shown in Fig. 1 . The helium bubbles used for flow visualization are injected into the oounaary layer from a plenum beneath this slot. The bubble generating system is described in detail by Hale et al (131, and its use in this facility is tascribed in (5) . Tne desired bubble size ane neutral D:.^yancy are achieved by proper adjustmen t _ of Jr, bubble solution, and helium, tlow rates. As many as 300 bubbles per second are formed in this device. For these tests the bubble diameter was about 1.5 mm (O.Oo in). The bubble generator head was placed through a grommet in the wall of the plenum Denezth the injection slot snown in Fig. 1 .
The light source for bubble illumination consisted of a 3UO-w quartz arc lamp, a rectangular aperture, and a 300-mm lens. Tile light source was located upstream and to one side of the tunnel and projected a beam throuah the tunnel wall into the cascade. The image of the aperture was focused in the cascade, and its vertical location was adjustable to illuminate eitner the boundary layer or the free stream. When viewed from above, or from the side, the bubbles showed up very brightly wnen they were in the light beam. Photographs of the bubbles were taken from two locations, directly above the cascade, providing a plan view of the flow, and upstream of the cascade, looking through the tunnel sidewall into the cascade, providing an oblique view of the fiow. At either location, a motion picture ca,,era, running at 3 frames per second, was used to record the bubble traces. The motion picture camera was merely a convenient way to acquire the data. Since the time of flight of the bubbles through the field of view was much shorter than the open time of the shutter, each frame was an inuepenaent data record. The bubbles appear as streaklines on the film, and adjacent frames of the film can never show the same bubble. The movies were vieweu one frame at a time, and 35-mm copies were made of the most interesting frames.
A second technique used to visualize the flow was to inject smoke into the stream through a probe. A smoke generator was constructed, similar to that described in (1), ano used also in (5) . The source of the smoke was a burning, oil-snaked cigar. A regulated air supply provided combustion air, and the smoke was carried through a tra p to allow large oil droplets to settle out, then it was ducted to the test section. The same lighting and camera system was used for the smoke as was used for the bubbles. The smoke had the advantage that it could be precisely placed where desired, but the disadvantage was that it diffused, and being a 4ontinuous source, tended to average out temporal variations in the flow. This means that local details of the horseshoe vortex cannot be observed with smoke, but it does a good job of delineating regions of the flow and showing gross fluid motions.
Perhaps the most spectacular flow visualization pictures resulte^ from use of the ink dot technique developed by Langston and Boyle (11) . For this procedure, a regular array of ink dots was laid down on a sheet of drafting tiim, using a permanent ink marker pen. The sheet was then rubber-cemented to the endwall surface, and a uniform layer o. synthetic wintergreen oil was sprayed on the film. Then the facility flow was started ano continued until the oil had all been dragged downstream andfor evaporated. What remained on the sheet was the array of dot,, with tails originating from each dot, pointing in the direction of the local wall shear stress.
Adeitionally, some endwall surface flow visualization data were taken by placing small drops of light mineral oil mixed with a yellow pigment on the surface and recording on movie film the flow of the oil drops when air flow was established in the cascade. Comparison of the distance moved by different drops over the same number of movie frames gave an indication of the difference in wall shear stress at different points.
The four flow visualization techniques used can be put into two general catagories. The bubble and smoke methods show the motion of fluid "particles", while the ink dot and oil drop techniques delimit shear stress directions at the wall.
RESULTS ANU U11-:USSION

Aerodynamic qualirrcation
The initial work done in the facility served to qualify the rig and oetine the flow conditions.
The cascade periodicity was set by adjusting the tailboarus until the variation in exit pressure difference (total pressure minus static pressure) between passages was minimized. At the final setting of the tailboards with the cascade operating at an inlet Reynald-number based on true chord of about 1.I5xio^, there was a variation of less than 3 1 percent in the exit pressure difference between, the five passages.
The pressure distribution around one of the vanes was measured and the results are snown in figure 2 as the ratio of local velocity to inlet critical velocity versus tractiun of axial chord. A ::omparison of these data with the results presented in (9) shows good agreement, indic3t ng that the vane profile used for the flow visualization tests is correctly scaled tram the vanes in (9) .
The cascade inlet boundary layer profile was measured at a point Zl.b cm upstream of the vanes using a Pntut-static probe. Profiles were taken at two flow conditions at nom VI inlet Reynolds numbers of Z.3x1U 5 and 1.bx1U. the orofile data were reduced to nonuimensionel torm and compared with the universal turbulent boundary layer profiic. the good agreement observed indicated that a fully developed turbulent boundary layer existed upstream of the '4anes. For the two flow conditions, boundary layer thicknesses were about 1.9 (0.15) and 2.2 cm (0.85 in) respectively. These values are comparable, when scaled, with the inlet boundary layer thicknesses reported in (9) .
Free stream turbulence intensity was measured at the same location as the boundary layer profiles, for the same two inlet Reynolds numbers. The results were 0.031 and 0.031, respectively. lhis is roughly half the turbulence level reported in (9) .
Flow Visualization
Over the range of operating conditions available for the cascade it was observed that the flow visualization results were essentially independent of inlet conditions. There was no noticeable difference in bubble traces between the highest and the lowest inlet Reynolds number cases. The same was true for the smoke and the ink dot traces. Thus, in the descriptions to follow, specific flow conditions will not be discussed, rather, the best visual data avail-able will be used regardless of flow conditions.
The results of using smoke to visualize the flow are presented in Fig. 3. Fig. 3(a) is a plan view photograph of a grid on the cascade endwall. The grid squares are 2.h4 cm (1.0 inch) on a side. Fig. 3(b) shows smoke put in along a free-stream stagnation line. In this case, the smoke is far enough from the wall to be out of the endwall boundary layer, and shows very little spread'ng. The straight line seen near the pressure surface is the edge of the shadow of the vane leading edge falling on the smoke. The smoke did actually extend all the way to the pressure surface. For this picture, the liqht beam was grazing the endwall surface and had a thickness of about 4.8 cm. the picture shows bright highlights where the beam illuminates the vane surfacet., near the leading edge and the last half of the pressure surface. The bright spots on the endwall surface are light reflections from oil and dust particles on the surface. Fig. 3(c) shows the smoke injected into tha endwall uounuary layer, but still off the wall. Here the path of the smoke spreads very widely and a large region is filled with smoke. In this case, the smoke has been caught in the horseshoe vortex system. Fig. 4 shows photographs of bubbles streaking through the cascade in the endwall boundary layer. For these pictures, the light beam was grazing the endwall surface and had a thickness of about 1 cm. Parts (a) and (b) show a plan view of the cascade ireter to Fig. 3(a) for the endwall scale). The wavy paths shown are actually plan views of corkscrew-like paths followed by bubbles that are caught in the horseshoe vortex. The core of the horseshoe vortex on the pressure side leg moves across the passage as it moves downstream, and analysis of the films at the tr ailing edge plane shows the location of the vortex to be centered at about two-thirds of the way from pressure to suction sides of the passage. Part (c) is an oblique view looking into the cascade at an angle with the inlet in the foreground. The corkscrew-like putn of a bubble in the horseshoe vortex is more clearly seen in this view. Note also the extent of the light beam where it strikes the vane surfaces. The height or the beam was about 1 cm.
The different regions of flow on the endwall were most sharply outlined by use of the ink dot technique. Fig. 5 shows typical results from using this method. The stagnation streamlines and threedimensional separation lines are apparent and have been highlighted in the figure for clarity. A detailed description of the significance of these features has been presented by Langston et at (2) . The stagnation streamline separates flow between the suction and the pressure sides of the vane. The threeuimensional separation line divides the flow field adjacent to the enuwall into distinct threedimensional rlow zones. Upstream of tho three-dimen%ional separation, endwall flow is channeled toward the vane suction surface. The horseshoe vorte.y is located downstream if this line and endwall flow is from the pressure side toward the separation line, leaving the surface at that point. The result shown in Fig. 5 is a black-and-white print of the actual data. In the actual test, two different colors & ink were used, one color in regions upstream of the three-dimensional separations, and another color downstream. The separation of the two regions is dramatically illustrated in this manner. In Fig. 5 , the heavy black line has been added to show the %,ration of the three-dimensi r .'al separation line. From the results of Fig. 5 it is apparent that all of the fluid entering the cascade very close to the er•dwall ends up on the suction surface of the vane. However, the stake and bubble pictures show that most of the inlet boundary layer fluid ends up on the downstream side of the three-dimensional separation and leaves the cascade in the vortex. Langston et al (2n oted this same effect whc,. they put smoke in the upstream boundary layer. A full color view of this figure was given to Langston and Boyle and has been published by them in (11) to demonstrate an application of the ink dot method.
The endwall flow v i sualization traces in Fig. 5 show the direction of the local wall shear stresses, but do not include any information about the magnitude. An attempt was made to gain information about the relative magnitude of the wall shear stress at different points on the endwall by an analysis of the motion picture of the flow of oil drops on the surfac. l . It was assumed that for a given time interval, the length of the path followed by a given oil drop is proportional to the local wall shear si.ress. A justi-°i cation of this assumption is presenteu by Atraghji (14) . A number of drops were compare. over a fixed ;lumber of movie frames, and their relative path le, gths tabulated. Contours of constant relative mc.ion were then sketched by hand, and the result is shown in Fig. 6 . The higher numbers on the contoLrs corres^ond to regions of higher shear stress.
Heat Transfer Compari;on Fig. 1 shows measured Stanton number contours overlaid with flow visualization information for two of the runs reported by Hylton et al (9) . For these runs the exit Mach number and inlet Reynolds number were in the range tested in the flow visualization cascade. Two prominent peaks in Stanton numb?r stand out, one near the vane leading edge on the Frfssure ride, and one downstream of the trailing edg y . A smaller peak occurs near the vane suction side, at about one-fourth of the axial chord into the passage. A region of relatively low Stanton number covers a large part of the first hal*' of the midpassage area.
The most obvious correiation between the flow visualization data and the Stante , i number contours in Fig. 7 is in the leading edge t , egion, on the pressure side. T he large gradient in Stanton number, leading to a peak in that area, coincides with the region of most intense vortex action, as shown by the smoke in Fig. 3 and the bubble traces in Fig 4. The smaller peak in Stanton number, near the suction surface, coincides with the region where the three-dimensional separation line reaches the suction face. It is in this area where the oil on the endw, ahead of the separation line was observed to begin to climb onto the suction surface of the vane.
The large peak in Stanton number seen downstream of the vane trailing edge does not appear to be directly related to any of the horseshoe vortex features shown by the bubble traces, but the endwall ink ('ot traces in Fig. 5 show a diverging flow pattern on the endwall in this region. This would indicate that there is a flow of fluid toward the e ndwall in the vane wake, resulting in a high heat transfer coefficient. Comparing the midct • nnel region upstream and downstream of the three-dimensional separation line in Fig. 5 with the Stanton number contours in Fig. 7 shows that this is a region of relatively uniform, low Stanton number. Interestingly, there is nothing obvious in the Stanton number data that correlates with the location of the separation line.
SUMMARY AND CONCLUSIONS
Various flow visualization techniques were used to define the secondary flows near the endwall in a largescale turbine vane cascade. The cascade was scaled up by a factor of 1.9 from one used to general? endwall heat transfer data under a joint NASA-USAF contract. A comparison of the visualized flow patterns and the measured Stanton number distributions was made for cases where the inlet Reynolds number and exit Mach number were matched. Flown were visualized by using neutrally buoyant helium-filled soap bubbles, by using smoke f rori nil soaked cigars, and by a technique using permanent marker pen ink dots and synthetic wintergreen oil.
From this investigation it can be concluded that 1. The only obvious co r relation between the .rorseshoe vortex and the endwall heat transfer is near the vane leading edge where a local peak in heat transfer occurs and the initial vortex rollup begins.
2. The three-dimensional separation line on the andwall does not correlate with any endwall heat transfer features.
3. The large peak in Stanton number seen downstream of the vanes is not related to the horseshoe vortex, but appears to be related to downflow in the vane wake.
4. The ink dot surface flow visualization technique co r relates well with boundary layer flow visualized by means of neutrally buoyant bubbles. 
